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Tubulins are present in all eukaryotes, and the microtu- 
bules (MTs) assembled from them are remarkably similar 
in all locations and all species: a curved sheet of 13 (some- 
times 12-15) longitudinal protofilaments is closed into a 
cylinder, with subunits in adjacent protofilaments tag- 
gered to form a shallow helix. Scientists in the tubulin field 
have long wondered what the evolutionary precursor was 
of tubulin and MTs. Most likely, the MT was already devel- 
oped in either the urkaryote host or the eubacterial endo- 
sym biont before the melding of the two to make the eu kar~;- 
ote. Are these precursors or their relatives still present in 
modern prokaryotes? An interesting review by Bermudes 
et al. (1994) has just appeared tabulating reports of cyto- 
plasmic tubules and fibers in over 50 taxa of prokaryotes. 
Most of the studies reviewed in that article are descriptive 
morphology, and many of the fibers bear little resemblance 
to MTs. However electron micrographs of Azotobacter vin- 
landii showed convincing tubules that were 19 nm in diam- 
eter and had 12 protofilaments in cross section, very simi- 
lar to the 25 nm diameter and 13 protofilaments of eukaryotic 
MTs (for review see Bermudes et al., 1994). These mor- 
phological observations in Azotobacter have not yet been 
followed up biochemically to identify the protein making 
the tubules. 
At the protein level, the bacterial cell division protein 
FtsZ has now risen as the leading candidate for a prokary- 
otic homolog of a cytoskeletal protein, and it turns out to 
resemble tubulin. FtsZ has been accumulating credentials 
for this role over the past several years, demonstrating 
similarities to tubulin at four different levels (reviewed in 
the following sections). Individually, each of these similari- 
ties is intriguing; taken together, they make a compelling 
case that FtsZ is a prokaryotic homolog of tubulin. 
Location in a "Cytoskeletar' Position 
FtsZ is widespread among eubacteria, and in all species 
in which it has been studied, it is essential for septation 
and cell division (for a more detailed review of FtsZ in 
bacterial cell division, see Lutkenhaus, 1993). Tempera- 
ture-sensitive mutants of FtsZ form long filamentous rods 
at the nonpermissive temperature, as the bacteria con- 
tinue to grow but fail to form septa and divide. Overexpres- 
sion of FtsZ severely disrupts cell morphology, causing 
excessive division near the polls of the cells and leading 
to production of small, anucleate "minicells" (Lutkenhaus, 
1993). Bi and Lutkenhaus (1991) used immunoelectron 
microscopy to demonstrate that FtsZ protein was uni- 
formly distributed in the cytoplasm of nondividing cells, 
but became concentrated in a ring at the site of division 
just before division began. FtsZ remained concentrated 
at the leading edge as the septum constricted and then 
it dispersed (Figure 1). 
In light of what we now know about polymerization of 
FtsZ in vitro, it seems that FtsZ is recruited to the division 
site, where it forms a ring of filaments or tubules, and that 
these filaments may play a role in contracting the cell wall 
to form the septum. This localization of FtsZ is analogous 
to the cleavage furrow or contractile ring of eukaryotes, 
which contains prominent actin filaments and the newly 
characterized family of 10 nm filament proteins, including 
the Saccharomyces cerevisiae bud neck proteins and Dro- 
sophila melanogaster peanut gene product (Neufeld and 
Rubin, 1994; Sanders and Field, 1994). FtsZ shows no 
homology to actin or to the bud neck proteins, but does 
show homology to another cytoskeletal protein, tubulin. 
Until now there has been very little information on the 
prokaryotic cytoskeleton and some doubt about whether 
one even existed. FtsZ is now the major candidate for a 
prokaryotic cytoskeletal protein. 
GTP Binding and Hydrolysis 
Three laboratories independently demonstrated that the 
FtsZ protein binds GTP and GDP (but not ATP or other 
nucleotides) and hydrolyzes GTP to GDP (RayChaudhuri 
and Park, 1992; de Boer et al., 1992; Mukherjee et al., 
1993). This is very similar to tubulin, which also binds and 
hydrolyzes GTP. GTP binding to FtsZ requires a monova- 
lent cation (either sodium or potassium) but does not re- 
quire magnesium; hydrolysis requires both magnesium 
and potassium (sodium did not work; Mukherjee et al., 
1993). 
All three labs found that the specific activity of GTP hy- 
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drolysis was dependent on the concentration of FtsZ pro- 
tein, implying that hydrolysis is coupled to a self-associ- 
ation. This is different from most GTP-binding proteins, 
which have a low intrinsic hydrolysis rate that is enhanced 
by binding a separate GTPase-activating protein. It is simi- 
lar, however, to tubulin, in which hydrolysis does not re- 
quire an accessory protein, but is stimulated by self-asso- 
ciation of tubulin subunits. The GTPase of tubulin depends 
on tubulin concentration because it is tightly coupled to 
assembly of MTs or other polymers (Erickson and O'Brien, 
1992). It seems likely that the GTPase activity of FtsZ is 
also coupled to polymerization, which will be discussed 
below. 
FtsZ Has the PROSlTE Tubulin Signature Motif 
A large number of eukaryotic proteins that bind and hy- 
drolyze GTP, including G proteins and some involved in 
protein secretion and trafficking, share a four-part consen- 
sus sequence identified as the GTP-binding pocket (Bourne 
et al., 1991). Tubulins do not share this sequence motif, 
and neither does FtsZ (for an attempt to locate this motif 
in FtsZ, see RayChaudhuri and Park, 1992). Tubulins have 
another sequence segment, which is thought to be in- 
volved in GTP binding and which is listed in the PROSITE 
data base (Bairoch, 1993), as a tubulin "signature" se- 
quence. The PROSITE entry notes that this motif is found 
in all 152 sequences of (z-, I~-, and y-tubulin and in only 
one known sequence that is not a tubulin. This sequence 
is (SAG)GGTG(SA)G, where the first amino acid is usually 
G in (~- and ~,-tubulin and an A in y-tubulins. The penulti- 
mate amino acid is usually S. The corresponding se- 
quence in FtsZ is GGGTGTG, identical to the tubulin signa- 
ture motif except for the conservative S~T change in the 
penultimate amino acid. A recent search of the protein 
data base identified FtsZ proteins from 11 bacterial spe- 
cies, all of them containing the identical GGGTGTG se- 
quence. 
This tubulin signature motif was noted in the three stud- 
ies that demonstrated GTP binding and hydrolysis (Ray- 
Chaudhuri and Park, 1992; de Boer et al., 1992; Mukherjee 
et al., 1993). A much more extensive alignment of tubulin 
and FtsZ has now been presented by Mukherjee and Lut- 
kenhaus (1994). By placing several gaps, most of them 
at locations already requiring gaps in the alignment of tu- 
bulins, they were able to demonstrate significant se- 
quence similarity over the first 260 amino acids of tubulin 
(220 amino acids of FtsZ). The alignment includes 16 
amino acids that are identical in all the tubulins and FtsZ 
sequences they compared and includes 50-90 amino 
acids with convincing sequence similarity. 
The mutant FtsZ84 has a G---S mutation at the first posi- 
tion of the tubulin signature motif. The GTPase activity of 
this mutant protein is almost completely abolished (Ray- 
Chaudhuri and Park, 1992; de Boer et al., 1992). Remark- 
ably, this mutant FtsZ acquires an ATPase activity, a 
unique example of a missense mutation converting a 
GTPase into an ATPase (RayChaudhuri and Park, 1994). 
The mutant FtsZ3 has a T---A mutation in the center of 
the motif. It shows greatly reduced GTP binding and virtu- 
ally no GTP hydrolysis (Mukherjee et al., 1993; Dai et al., 
1994). FtsZ3 is lethal, and FtsZ84 creates a temperature- 
sensitive phenotype. The phenotype of FtsZ84 is depen- 
dent on gene dosage and interaction with other genes 
(Phoenix and Drapeau, t988), and it is not clear how the 
mutant protein functions at the permissive temperature. 
Several residues outside the signature motif also are es- 
sential for GTP binding or hydrolysis (Dai et al., 1994). 
The sequence similarity between FtsZ and tubulin is 
recognizable only in the N-terminal half of the two mole- 
cules, it is possible that this N-terminal segment repre- 
sents a domain conserved in both proteins and that the 
C-terminal domains are unrelated. Indeed, the C-terminal 
regions of the FtsZ proteins are most variable in both size 
and alignment among bacterial species. Recalling, how- 
ever, that actin, hsp70, and hexokinase show no recogniz- 
able sequence identity, yet are clearly related in having 
virtually identical three-dimensional structures (Kabsch et 
al., 1990), we should keep open the hypothesis that tubulin 
and FtsZ may be homologous over the entire structure. 
The higher conservation and recognizable sequence iden- 
tity in the N-terminal part may reflect key amino acids that 
are essential for GTP binding and hydrolysis. 
GTP-Dependent Polymerization into Protofilaments 
and Tubules 
The most exciting data relating FtsZ to tubulin are the 
recent demonstration by two labs that FtsZ can assemble 
into filaments and tubules (Mukherjee and Lutkenhaus, 
1994; Bramhill and Thompson, 1994). There are two 
classes of polymeric forms. 
Protofilaments 
Mukherjee and Lutkenhaus (1994) used rotary-shadowing 
electron microscopy to demonstrate that purified FtsZ as- 
sembled into long, thin filaments of uniform diameter. 
These shadowed protofilaments measured about 7 nm in 
diameter, but if one subtracts a 1-1.5 nm shell of metal, 
the protein protofilament is probably closer to a 4-5 nm 
diameter. These protofilaments probably correspond to a 
linear polymer of FtsZ subunits and are similar in diameter 
to the protofilaments of the microtubule wall. 
Tubular Polymers 
To test for possible assembly of larger polymers, Muk- 
herjee and Lutkenhaus (1994) turned to a trick demon- 
strated many years ago with tubulin. Erickson and Voter 
(1976) had found that assembly of tubulin was stimulated 
by a variety of polycations, including DEAE-dextran. 
Mukherjee and Lutkenhaus found that a mixture of DEAE- 
dextran and FtsZ assembled into tubular structures that 
could be visualized by negative-stain electron microscopy. 
The predominant polymers in their specimens were long 
tubules of uniform diameter. We repeated this assembly 
in our lab, using purified FtsZ protein provided by Dr. J. 
Lutkenhaus, and observed very similar rod-shaped or tu- 
bular polymers. The FtsZ-DEAE-dextran tubules are 
shown in Figure 2 compared with MTs assembled from 
pig brain tubulin. The FtsZ-DEAE-dextran tubules are 
smaller in diameter than MTs (23 versus 25 nm) and do 
not show the longitudinal protofilament structure charac- 
teristic of MTs. The FtsZ-DEAE-dextran tubules actually 
resemble more closely the double-walled MTs assembled 
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Figure 2. Comparison of MTs and FtsZ Polymers 
(A) Negatively stained tubules assembled from FtsZ plus DEAE-dex- 
tran. (B) A microtubule assembled from pig brain tubulin. The scale 
bar indicates 100 nm for both (A) and (B). 
from tubulin plus DEAE-dextran, in which the protofila- 
ments of the outer wall run in a spiral helix (Erickson and 
Voter, 1976). 
In an independent study, Bramhill and Thompson (1994) 
used light scattering and centrifugation to demonstrate 
and quantitate assembly of purified FtsZ into polymers. 
This assembly required GTP (GDP and GTPTS did not 
work), and since their buffer contained potassium, the GTP 
was presumably hydrolyzed. The polymerization was re- 
versible; the polymer pellet could be dissociated in buffer 
lacking magnesium and GTP and then subjected to a sec- 
ond cycle of polymerization. Negative-stain electron mi- 
croscopy identified tubules of 15 nm diameter. These pure 
FtsZ tubules appear to be smaller in diameter and different 
in lattice structure from the tubules assembled with DEAE- 
dextran. The published image shows some indication of 
longitudinal protofilaments, but these are less prominent 
than in MTs. The helical lattice of these FtsZ tubules ap- 
pears quite different from that of MTs, but has not been 
analyzed in detail. 
Conclusions 
I believe that the sequence homology, GTP binding and 
hydrolysis, and GTP-dependent assembly into protofila- 
ments and tubules make a compelling case that FtsZ is a 
prokaryotic homolog of tubulin. But is FtsZ the prokaryotic 
precursor of MTs? Probably the evolutionary connection 
is more complex. The tubular structures formed by FtsZ 
seem substantially different from MTs, and it is question- 
able even whether these FtsZ tubules exist in vivo. Thin 
section electron microscopy should easily visualize tu- 
bules of the size obtained by in vitro assembly, but nothing 
resembling them has been seen in thin sections of dividing 
bacteria. Thus, the physiologically relevant polymer of 
FtsZ may not be a tubule, but a single protofilament or 
small assembly of protofilaments. 
In contrast with Escherichia coli, electron micrographs 
of Azotobacte r show prominent tubules that closely resem- 
ble eukaryotic MTs (Bermudes et al., 1994). However, 
these tubules are not associated with the septation furrow, 
but run longitudinally through the center of the cell. Pre- 
sumably, Azotobacter also has FtsZ at its septation furrow. 
A possible scenario is that a gene duplication of FtsZ (two 
ftsZ genes have already been cloned from the nitrogen- 
fixing bacterium Rhizobium meliloti; Margolin and Long, 
1994) permitted the evolution of a new cytoskeletal struc- 
ture that is a more direct precursor of MTs. 
For celt biologists the discovery of FtsZ opens a door 
to understanding the evolution of the cytoskeleton. The 
door may be just as important in the other direction, as 
the well-known mechanisms of the eukaryotic ytoskele- 
ton are used to address the still murky questions of bacte- 
rial cell division. For example, FtsZ is apparently recruited 
to the position of the central ring, and this likely involves 
other proteins that bind FtsZ. FtsZ-associated proteins, 
some of them membrane bound, might also facilitate its 
assembly, just as MT-associated proteins facilitate assem- 
bly of MTs. Since this central ring may contract to effect 
cell division, the FtsZ filaments or tubules may be part of a 
contractile apparatus. This would require motor molecules 
and suggests the possibility of prokaryotic kinesin or dy- 
nein. FtsZ is the first bridge between the cytoskeleton and 
motile machinery of eukaryotes and prokaryotics, but we 
should expect many more to follow. 
References 
Bairoch, A. (1993). Nucl. Acids Res. 21, 3097-3103. 
Bermudes, D., Hinkle, G., and Margulis, L. (1994). Microbiol. Rev. 58, 
387-400. 
Bi, E., and Lutkenhaus, J. (1991). Nature 354, 161-164. 
Bourne, H. R., Sanders, D. A., and McCormick, F. (1991). Nature 349, 
117-127. 
Bramhill, D., and Thompson, C. M. (1994). Proc. Natl. Acad. Sci. USA 
91, 5813-5817. 
Dai, K., Mukherjee, A., Xu, Y., and Lutkenhaus, J. (1994). J Bacteriol. 
175, 130-136. 
de Boer, P., Crossley, R., and Rothfield, L. (1992). Nature 359, 254- 
256. 
Erickson, H. P., and O'Brien, E. T. (1992). Annu. Rev. Biophys. Struct. 
Biol. 21, 145-166. 
Erickson, H. P., and Voter, W. A. (1976). Proc. Natl. Acad. Sci. USA 
73, 2813-2817. 
Kabsch, W., Mannherz, H. G., Suck, D., Pai, E. F., and Holmes, K. C. 
(1990). Nature 347, 37-44. 
Lutkenhaus, J. (1993). Mol. Microbiol. 9, 403-409. 
Margolin, W., and Long, S. (1994). J. Bacteriol. 176, 2033-2043. 
Mukherjee, A., a.nd Lutkenhaus, J. (1994). J. Bacteriol. 176, 2754- 
2758. 
Cell 
370 
Mukherjee, A., Dai, K., and Lutkenhaus, J. (1993). Proc. Natl. Acad. 
Sci. USA 90, 1053-1057. 
Neufeld, T. P., and Rubin, G. M. (1994). Cell 77, 371-379. 
Phoenix, P., and Drapeau, G. R. (1988). J. Bacteriol. 170, 4338-4342. 
RayChaudhuri, D., and Park, J. T. (1992). Nature 359, 251-254. 
RayChaudhuri, D., and Park, J. T. (1994). J. Biol. Chem. 269, 22941- 
22944. 
Sanders, S. L., and Field, C. M. (1994). Curr. Biol. 4, 907-910. 
